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A POU Domain Transcription Factor–Dependent
Program Regulates Axon Pathfinding
in the Vertebrate Visual System
graphically ordered connections in the central nervous
system. Navigational decisions become more complex
as the growth cone encounters boundaries between
structures that differ in their cellular and molecular com-
position (Holt, 1989; Tuttle et al., 1998). First, RGC axons
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(Simon and O’Leary, 1992). The behavior of the growth
cone along these pathways and at boundaries is gov-
erned by a delicate balance of attractive and repulsiveSummary
events leading to axon fasciculation, pathfinding, and
establishment of topographic maps. Genetic and molec-Axon pathfinding relies on the ability of the growth
ular approaches have uncovered three major ligand/cone to detect and interpret guidance cues and to
receptor classes involved in these processes (see re-modulate cytoskeletal changes in response to these
views by Bashaw and Goodman, 1999; Frise´n et al.,signals. We report that the murine POU domain tran-
1999; O’Leary et al., 1999; Seeger and Beattie, 1999;scription factor Brn-3.2 regulates pathfinding in retinal
Tear, 1999, and references therein).ganglion cell (RGC) axons at multiple points along their
Recent investigation has established a key role forpathways and the establishment of topographic order
these ligand/receptor complexes in RGC axon pathfind-in the superior colliculus. Using representational dif-
ing during the development of the mouse visual system.
ference analysis, we identified Brn-3.2 gene targets
Disruption of the genomic loci encoding the midline sig-
likely to act on axon guidance at the levels of transcrip- naling molecule Netrin-1 and its receptor, DCC, results
tion, cell–cell interaction, and signal transduction, in- in pathfinding defects by RGC axons, whereby axons
cluding the actin-binding LIM domain protein abLIM. from the peripheral retina are not correctly guided into
We present evidence that abLIM plays a crucial role the optic nerve (Deiner et al., 1997). Receptor tyrosine
in RGC axon pathfinding, sharing functional similarity kinases of the Eph family and their ligands, ephrins,
with its C. elegans homolog, UNC-115. Our findings pro- are also key regulators of axon pathfinding and estab-
vide insights into a Brn-3.2-directed hierarchical pro- lishment of topographic order in the mouse visual sys-
gram linking signaling events to cytoskeletal changes tem (O’Leary and Wilkinson, 1999). Kinase-independent
required for axon pathfinding. functions of EphB receptors are required for pathfinding
by dorsal RGC axons to the optic disc (Birgbauer et al.,
Introduction 2000), and alteration of the EphA gradient in mouse
retina causes axon pathfinding and topographic errors
The development of highly organized neuronal connec- in retinocollicular projections (Brown et al., 2000). Tar-
geted mutagenesis of ephrin-A2 and ephrin-A5 genomictions relies on the coordinated movements of axons
loci, alone or in combination, results in topographicallyalong precise pathways leading to their targets and the
aberrant projections in the SC of mice (Frise´n et al.,establishment of synaptic connections at topographi-
1998; Feldheim et al., 2000). Finally, recent evidence hascally appropriate sites. As growth cones progress in a
implicated members of the slit family of axon repellentsdynamic environment, they make navigational choices
and their robo receptors in mediating RGC axon path-by recognizing and interpreting molecular cues pre-
finding (Erskine et al., 2000; Niclou et al., 2000; Ringstedtsented along their pathway. The vertebrate visual sys-
et al., 2000).tem has long served as a model for the study of axon
Spatial and temporal coordination of the molecularguidance. Retinal ganglion cells (RGCs) extend their ax-
machinery governing the presentation of guidance cuesons along defined paths and ultimately establish topo-
along the pathway and their detection by the growth
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tana 59405. ance in the mouse visual system. Targeted deletion of
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the paired domain transcription factor Pax2 and the ho- 1996). The observation that at postnatal day 0 (P0), cell
numbers in the RGC layer of Brn-3.22/2 mice are stillmeodomain transcription factor Vax-1 results in RGC
axon pathfinding defects consistent with their expres- comparable to those in wild-type mice, suggested that
excessive RGC loss is not due to problems in cell fatesion pattern in the glial cells of the optic stalk and the
midline structures of the ventral forebrain (Torres et al., determination or a premature onset of naturally oc-
curring RGC death and, therefore, may result from de-1996; Bertuzzi et al., 1999; Hallonet et al., 1999).
Relatively little information is available regarding tran- fects in axon growth and pathfinding. We first performed
a qualitative comparison of the magnitude of the retino-scription factors involved in cell-autonomous regulation
of axon guidance. The identification of such transcrip- collicular projection by examining the numbers of RGCs
retrogradely labeled with the fluorescent tracer DiI, in-tion factors and their targets would provide new insights
into molecular pathways governing the ability of the jected at multiple sites covering the medial-lateral axis
of rostral SC at P0 (n 5 five wild type, eight mutant).growth cone to sense and process navigational cues
and to undergo morphogenetic movements. We have Retinal whole mounts from Brn-3.22/2 mice contained
substantially fewer labeled cells as compared to theirinitiated such a study to investigate the role of the POU
domain transcription factor Brn-3.2 in the development wild-type littermates (Figures 1A and 1B), suggesting
that RGCs exhibit defective pathfinding in the Brn-3.2of the mouse visual system. Brn-3.2/Brn-3b/Pou4f2 and
its closest family members Brn-3.0/Brn-3a/Pou4f1 and mutants.
To gain insight into the time course of axonal andBrn-3.1/Brn-3c/Pou4f3, which together constitute the
mammalian class IV POU domain transcription factors, neuronal loss in the retina of Brn-3.22/2 mice, we deter-
mined the number of RGC axons in mutant and wild-are important regulators of neural development (re-
viewed in Ryan and Rosenfeld, 1997, and McEvilly and type littermates from E12.5 through adulthood, using
electron micrographs of optic nerve cross sections.Rosenfeld, 1999). Targeted deletion of individual geno-
mic loci results in phenotypes reflecting their spatially RGCs are generated between E11 and E18, the latter
age coinciding with the onset of naturally occurring RGCand temporally unique sites of expression. Mice with
Brn-3.0 gene deletion have defects in the peripheral death (Dra¨ger, 1985). The axon numbers peaked coinci-
dentally in the wild type and mutant between E16.5 andsensory ganglia as well as motor and sensory compo-
nents of the hindbrain (McEvilly et al., 1996; Xiang et al., P0 (Figure 1C), indicating that the time course of axon
addition and loss is similar in wild-type and mutant ret-1996; Huang et al., 1999). Brn-3.1 mutation results in
deafness and balance problems owing to a failure in ina. However, in Brn3.22/2 mice, axon counts were sub-
stantially lower at every time point, suggesting that thethe differentiation of cochlear and vestibular hair cells
(Erkman et al., 1996; Xiang et al., 1997). In Brn-3.2 gene– reduction in the number of RGC axons begins prior to
the normal onset of naturally occurring RGC death.deleted mice, the majority of RGCs in the retina are lost,
without any other defects observed in the central or Therefore, we sought to determine whether diminished
numbers of RGC axons at early developmental stages inperipheral nervous systems (Erkman et al., 1996; Gan et
al., 1996). Previous observations suggest that excessive Brn-3.22/2 mice were due, at least in part, to pathfinding
defects within the retina. The intraretinal trajectories ofneuronal loss in the RGC layer of Brn-3.22/2 mice is not
due to problems in the initial generation and cell fate RGC axons were traced in wild-type and mutant mice
by a focal injection of DiI in the retina of fixed E14.5determination (Erkman et al., 1996; Xiang, 1998; Gan et
al., 1999). littermates (n 5 three wild type, three mutant). In the
wild-type retina, RGC axon fascicles grew directly to-Here we demonstrate a critical role for Brn-3.2 in the
guidance of RGC axons intraretinally, as well as at major ward the optic disc (Figure 1D). In contrast, in the mutant
retina, many RGC axons did not appear to fasciculatechoice points along the central visual pathways, and
report the identification of a series of candidate target and followed abnormal trajectories, a substantial pro-
portion failing to reach the optic disc (Figure 1E). Thesegenes with potential roles in RGC axon guidance, which
we isolated using a modification of the representational findings indicate that the reduced number of optic nerve
axons in Brn-3.22/2 mice is due in part to defects in thedifference analysis (RDA). Using the developing chick
retina as a model, we provide evidence that one of these pathfinding of RGC axons within the retina and their
failure to enter the optic nerve.genes, a putative component of the signal transduction
pathway, is part of the molecular cascade controlled by
Brn-3.2 that regulates specific aspects of axon guidance Axon Guidance Defects Along the Retinocollicular
events. Pathway in Brn-3.2 Mutants
To investigate potential pathfinding defects of RGC ax-
ons along central pathways in Brn-3.2 mutants, we usedResults
anterograde and retrograde DiI labeling of RGCs. In
mice, RGC axons first reach the optic chiasm at E12,Hypoplastic Optic Nerve and Aberrant Intraretinal
Axon Trajectories in Brn-3.2 Mutants and their most distal target, the SC, at E14; additional
RGC axons continue to grow through the optic tract andBrn-3.2 is expressed in the developing mouse retina
from embryonic day (E) 11.5, and targeted deletion of into the SC at least until birth (Simon and O’Leary, 1992;
Marcus and Mason, 1995). We first used anterogradeits genomic locus results in the loss of the majority of
RGCs, without noticeable defects in the other compo- DiI tracing to analyze the projections of RGC axons at
P0 (n 5 five wild type, ten mutant). Examination of thenents of the nervous system, where the lack of Brn-3.2
function is probably compensated by the closely related ventral diencephalon revealed that in the mutant, a large
proportion of RGC axons pass through the optic chiasmfamily member, Brn-3.0 (Erkman et al., 1996; Gan et al.,
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and extend into the contralateral optic tract, as in the
wild type (Figure 2A). However, in contrast to the wild
type, a sizeable proportion of RGC axons in the mutant
exhibited several different pathfinding defects at the
optic chiasm. In some cases, an abnormally large contin-
gent of RGC axons failed to decussate at the chiasm
and instead projected through the ipsilateral optic tract
or passed through the chiasm and into the opposite
optic nerve (Figure 2B). In other cases, they aberrantly
deviated at the midline dorsally into the hypothalamus
(Figure 2C) or appeared to stop their extension at the
midline (Figure 2D). Subsets of these phenotypes were
observed in different mutant animals. In addition, in the
Brn-3.2 mutant, a substantial proportion of RGC axons
extending through the contralateral optic tract appeared
to stall within the optic tract in dorsal diencephalon
as they approached the midbrain and failed to extend
caudally to the SC (Figures 2E and 2F). This stalling of
RGC axons within the dorsal optic tract is perhaps better
appreciated by labeling smaller numbers of RGC axons
using focal injections (Figure 2G). The accumulated attri-
tion of RGC axons due to these pathfinding defects
within the brain, as well as the intraretinal ones de-
scribed above, results in a substantial reduction in the
number of RGC axons that reach the SC in Brn-3.22/2
mice (Figures 2E and 2F; also see Figure 1). Together,
these data indicate that RGC axons in Brn-3.22/2 mice
exhibit pathfinding defects at multiple points along their
pathway.
To determine whether the RGC axons that reach the
SC in Brn-3.22/2 mice establish correct topographic pro-
jections, we made small focal injections of DiI either into
the retina (n 5 four wild type, five mutant) or the SC
(n 5 four wild type, six mutant) at P14, after the mature
retinocollicular topographic map is normally established
(Simon and O’Leary, 1992). In wild-type mice, antero-
grade labeling from an injection in temporal-dorsal retina
labeled a dense termination zone formed by the overlap-
ping arbors of RGC axons confined to the topographi-
cally appropriate rostral-lateral SC (Figure 3A). In con-
trast, in Brn-3.22/2 mice, a similar injection did not result
in the labeling of a discrete, dense termination zone,
but instead labeled widely branched axons that diffusely
covered much of the SC, with little indication of appro-
Figure 1. RGC Axon Pathfinding Defects in Brn3.22/2 Mice priate topography (Figure 3B). In addition, the medial-
(A and B) RGCs were retrogradely labeled in wild-type (A) and lateral topography of the entry point of RGC axons into
Brn3.22/2 (B) mice by multiple injections of DiI extending across the the SC is aberrant in Brn-3.22/2 mice. In wild-type mice,
medial-lateral axis of the rostral SC at P0 (inset). Fewer DiI labeled
axons labeled by an injection into temporal-dorsal retinaRGCs were found in retinal whole mounts of Brn-3.22/2 mice (B), as
normally enter the SC from its lateral aspect (Figure 3A),compared to wild type (A), indicating that fewer RGC axons have
whereas, in the mutant, the SC entry point of temporal-entered the SC in the mutant mice at this stage. SC, superior collicu-
lus; d, dorsal; n, nasal; t, temporal; v, ventral. dorsal axons is deviated medially (Figure 3B). A similar
(C) Comparison of estimated number of optic nerve axons between aberrant medial deviation was also observed at earlier
wild-type and Brn-3.22/2 mice from embryonic day (E) 12.5 to adult. time points (for example, see Figures 2F and 2G). Retro-
Axon counts were performed using electron micrographs of optic
grade labeling of RGCs by a focal injection of DiI in thenerve cross sections at the indicated developmental stages.
SC confirmed the lack of topography observed with(D and E) Axon guidance errors within E14.5 retina of Brn-3.22/2
mice revealed by small focal injections of DiI in mid-retina of wild- anterograde labeling. For example, in wild-type mice, a
type (D) and mutant (E) littermates. Note the wave-like appearance focal DiI injection in mid-SC labeled a dense cluster of
and aberrant trajectories (arrowhead) of some RGC axons in the RGCs at the topographically correct location in mid-
mutant retina (E). Cell bodies appear as bright spots, and are not
retina (Figure 3C), whereas a similar injection in the mu-all in the same focal plane.
tant resulted in the labeling of RGCs scattered across
the retina with little or no bias for the correct topographic
location (Figure 3D). These results indicate that RGCs
fail to form an appropriate topographic map within the
Neuron
782
Figure 2. Defective Pathfinding of RGC Axons in Brn3.22/2 Mice at Multiple Locations in Their Pathway
(A–D) RGC axon projections at the optic chiasm. In the wild type (A), DiI injection in P0 retina shows that most RGC axons extend through
the ipsilateral optic nerve (ion), cross the midline (arrowhead), and enter the contralateral optic tract (cot). In Brn-3.22/2 mice (B–D) axon
guidance at the midline is severely affected. Some RGC axons aberrantly project into the ipsilateral optic tract (iot, [B]), the contralateral optic
nerve (con, [B]), or dorsally at the midline into the hypothalamus (arrow, [C]). Furthermore, in the mutant, a proportion of RGC axons do not
extend past the optic chiasm (arrow, [D]). Photographs (B)–(D) are taken from different mutant mice.
(E and F) Montages showing the trajectories of axons from P1 wild-type (E) and Brn-3.22/2 (F) retina, traced from the optic nerve (on) to the
superior colliculus (SC). Focal injections of DiI were placed in nasal (n)-ventral (v) wild-type retina (inset, [E]) and nasal-dorsal (d) mutant retina
(inset, [F]). Note that in the mutant (F), a smaller proportion of axons found at the optic chiasm (ch) reach the SC, and some axons exhibit
pathfinding defects at the chiasm (open arrowhead). Furthermore, some RGC axons in Brn-3.22/2 mice stall at the dorsal diencephalon and
fail to reach the SC (arrow). The rostral border of the SC is indicated with an arrowhead. t, temporal.
(G) Montage showing the dorsal midbrain of a P1 Brn3.22/2 mouse injected with DiI in nasal-dorsal retina (injection site is similar in size and
location to that shown in [F], inset). Many RGC axons stop their extension at the dorsal diencephalon. Note that in the mutant, most RGC
axons originating from dorsal retina aberrantly enter the SC from its medial aspect (arrow), rather than its lateral aspect as in wild type. C,
caudal; L, lateral; M, medial; SC, superior colliculus; LGN, lateral geniculate nucleus.
SC of Brn-3.2 mutants and that individual RGC axons might have consequences on the later patterning of the
optic pathway. We addressed this issue by analyzingbroadly arborize across the mutant SC.
the expression of Shh, Nkx2.1, and Nkx2.2, each of which
have distinct expression domains in ventral diencepha-Pathfinding Defects in Brn-3.2 Mutants Are Likely
lon and are thought to be important for the determinationto Be RGC Autonomous
of axon pathways in this region (Marcus et al., 1999).Next, we determined whether Brn-3.2 acts in a manner
Whole-mount in situ hybridization analysis performedautonomous to RGCs and whether it is involved in the
at E11.5, just before the first RGC axons reach the ventralregulation of molecules shown to control RGC axon
diencephalon, did not reveal any abnormalities in thepathfinding in the vertebrate visual system. We first ex-
patterned expression of these markers in Brn3.22/2 miceamined the expression of Netrin-1 and its receptor, DCC,
(Figures 4E and 4F and data not shown). These findings,since mice deficient for either one exhibit defects in
together with the lack of Brn-3.2 expression in theRGC axon pathfinding within the retina resulting in a
mouse ventral diencephalon, suggest that, in the Brn-hypoplastic optic nerve (Deiner et al., 1997), similar to
3.2 mutant, RGC axon pathfinding defects are likely tothe Brn-3.2 mutant. Netrin-1 expression in the optic stalk
be RGC autonomous.was similar in wild-type (Figure 4A) and mutant (Figure
Brn-3.2 is expressed in the developing SC, along with4B) mice, as was the expression of DCC within the retina
the closely related family member, Brn-3.0. Histological(Figures 4C and 4D). Thus, the intraretinal and optic
examination of the mutant SC did not reveal major ab-nerve defects observed in the Brn-3.2 mutant are not
normalities in its size, shape, or architecture (data notdue to changes in the expression of Netrin-1 or DCC.
shown). In addition, both the level and pattern of expres-Although Brn-3.2 expression in the ventral diencepha-
sion of ephrin-A2 and -A5 in the SC appeared normallon has not been detected, one cannot rule out transient
expression during a brief period of development that in Brn-3.22/2 mice at E15.5 (data not shown) and at P0
Brn-3.2-Dependent Regulation of Axon Pathfinding
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Figure 3. Aberrant Topographic Mapping of RGC Axons in Brn-3.22/2 Mice
(A and B) Dorsal view of the SC after focal injection of DiI in the temporal (t)-dorsal (d) retina (insets) at P14. A dense termination zone (TZ)
is present in the topographically correct site in rostral-lateral SC in the wild type (A). In the mutant (B), a similar injection reveals a lack of
topography and no dense arborizations. A single RGC axon (open arrowhead) aberrantly elaborates an extensive arbor covering a substantial
portion of the SC (arrows). Arrowhead indicates the rostral border of the SC. L, lateral; M, medial; n, nasal; v, ventral.
(C and D) Whole mounts of P14 wild-type (C) and Brn-3.22/2 (D) retina after focal injection of DiI in rostral-medial superior colliculus (insets).
In the wild type (C), most DiI labeled RGCs are found in the correct position (arrow). However, in the mutant (D), DiI labeled RGCs are more
or less uniformly distributed, indicating a lack of topography in the retinocollicular projection. C, caudal; d, dorsal; L, lateral; n, nasal; t,
temporal; v, ventral.
(Figures 4G and 4H), suggesting that the developing SC as the tester to identify genes that may be upregulated
by Brn-3.2. Following three rounds of hybridization andis normal in the Brn-3.2 mutants, with the lack of Brn-
3.2 function possibly compensated by Brn-3.0. The ex- amplification with increasing ratios of driver to tester
(100, 800, 1000), the RDA products were cloned directlypression of the ephrin receptors, EphA6 and EphB2 in
the retina, and of ephrin-B2 in the SC, also appeared into plasmid vectors and sequenced. For an initial test
of differential expression, a sample of RDA inserts werenormal at E15.5 in Brn-3.22/2 mice (data not shown).
These findings suggest that the aberrant topographic picked randomly, radiolabeled, and hybridized to South-
ern blots consisting of drivers from wild-type and Brn-mapping of RGC axons in the SC of Brn-3.2 mutants
may be due to cell-autonomous defects in RGCs, but it 3.22/2 retinas. About 80% of the genes tested by South-
ern blot analysis appeared to be differentially expressedmay also be due to a diminished competitive interaction
between RGC axons resulting from the substantial re- in mutant retina (Figure 5A and data not shown). After
correction for multiple occurrences of identical inserts,duction in the number that reach the SC.
and sequences representing different fragments of the
same gene, we obtained 28 potential targets for Brn-3.2.Representational Difference Analysis and Isolation
Thus far, our screening has yielded three potentiallyof Candidate Target Genes
novel genes, and seven with matching sequences inTo understand the molecular mechanisms by which Brn-
mouse EST and human genomic and cDNA databases3.2 exerts its effects on RGC axon guidance, we began
(Figure 5B), the structure and function of which are notto identify candidate target genes using a modification
reported. We also obtained a number of genes that shareof RDA. Our approach is based on the protocol originally
a very low degree of homology with known genes anddesigned for the identification of polymorphisms in ge-
cannot be classified at this time. In addition, we identi-nomic DNA (Lisitsyn et al., 1994) and later applied to
fied five candidate target genes that represent pre-positional cloning (Sornson et al., 1996) and subtraction
viously characterized molecules, including the tran-of cDNA populations (Hubank and Schatz, 1994). To
scription factors Irx6 (Cohen et al., 2000), EBF/Olf-1,address the technical constraints imposed by the rela-
EBF/Olf-2 (Garel et al., 1997; Wang et al., 1997), and atively small size of embryonic mouse retina, we intro-
mouse homolog of rat Neuritin (Naeve et al., 1997). Irx6,duced modifications to permit subtractive hybridization
a homeodomain transcription factor with homology toof cDNA populations synthesized from minute amounts
the Drosophila genes of the iroquois complex, Olf-1 andof mRNA. Briefly, we prepared approximately 50 ng of
Olf-2, belonging to the early B cell factor (EBF) family ofcDNA from twenty E14.5 retinas, in the presence of a
HLH transcription factors, and Neuritin, a GPI-anchored“carrier” mRNA (see Experimental Procedures). We
used (2/2) amplicons as the driver and (1/1) amplicons neuronal cell surface protein, are well characterized (see
Neuron
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references above). The segments of sequence corre-
sponding to RDA products are indicated in Experimental
Procedures. One RDA product that did not present ho-
mology to published sequences was ultimately identi-
fied by analysis of cDNA clones as part of the 39UTR of
the mouse homolog of the human actin binding zinc
finger protein abLIM (Roof et al., 1997). The amino acid
sequence of the LIM domain containing all four LIM
motifs specific for the retinal isoform was highly con-
served and showed 97% identity to the human sequence
(Figure 5C). In situ hybridization analysis of m-abLIM in
E15.5 mice showed, in addition to its expression in the
inner layer of the retina, expression in other neuronal
structures including peripheral sensory ganglia, spinal
cord, SC, and nonneural tissues such as the thymus
(Figures 5E–5H).
If these genes are regulated by Brn-3.2, their mRNA
levels should decrease in Brn-3.22/2 retina, and their
spatial and temporal patterns of expression should sup-
port such an assumption. Indeed, comparison of mRNA
levels in E15.5 wild-type and Brn-3.22/2 retinas revealed
a dramatic decrease in the levels of Irx6, Olf-1, m-abLIM,
and Neuritin, and a modest effect on Olf-2 mRNA levels
(Figure 6), indicating that even relatively small differ-
ences can be detected by our modified RDA protocol.
Temporal expression patterns of Brn-3.2, Irx6, Olf-2, and
m-abLIM were determined using adjacent sections of
retina at different developmental stages. Expression of
Brn-3.2 mRNA, first detectable in the retina at E11.5
(data not shown), precedes initial detectable expression
of Irx6 and Olf-2 around E12.5, and m-abLIM around
E13.5 (Figure 7 and data not shown). Thus, these genes
may represent components of a molecular cascade reg-
ulated by Brn-3.2.
Functional Analysis of abLIM in the Developing
Chick Visual System
To address the functional significance of our RDA find-
ings, we used the RCAS(B) recombinant retroviral vector
system (Homburger and Fekete, 1996). Among the can-
didates identified thus far, abLIM appeared to be partic-
ularly well suited to have a direct role in mediating RGC
pathfinding, based on its functional and structural char-
acteristics and its expression in the chick retina, con-Figure 4. Expression Patterns of Molecular Markers and Morphol-
ogy of the Retina, Optic Chiasm, and Superior Colliculus of Wild- firmed by in situ hybridization and Northern blot analysis
Type and Brn-3.22/2 Mice (data not shown). Human abLIM, originally cloned as a
(A–D) Horizontal sections of E15.5 retina were hybridized with Net- homolog of dematin (Roof et al., 1997) and the C. elegans
rin-1 (A–B) and DCC (C–D) riboprobes. Morphology and expression UNC-115, which is involved in axon pathfinding (Lund-
levels of markers are normal in Brn-3.22/2 mice (B and D). Arrow quist et al., 1998), contain an N-terminal LIM domain,
marks the optic disk. n, nasal; t, temporal.
and a C-terminal domain sharing homology with the(E and F) Expression domain of Shh in ventral diencephalon of Brn-
villin headpiece (see diagram in Figure 5D). The LIM3.2 gene-deleted mouse (F) compared to the wild-type littermate
(E) (ventral view). Whole-mount in situ hybridization was performed domains have a well-established role in assembling pro-
on brains of 11.5-day-old embryos dissected with the optic nerves tein complexes through their protein–protein interaction
attached. Brackets in (E) and (F) show the expression domain of interfaces (reviewed in Dawid et al., 1998), and the C-ter-
Shh. a, anterior; p, posterior; oc, optic cup.
minal domain of abLIM has been shown to effectively(G and H) Rostrocaudal gradients of ephrin-A2 mRNA in wild-type and
bind actin (Roof et al., 1997), strongly suggesting a roleBrn-3.22/2 superior colliculus at P0, as revealed by in situ hybridization
for this protein in bridging cytoplasmic proteins withof sagittal sections. a, anterior; p, posterior.
Scale bar: 200 mm in (A–D), 500 mm in (E and F), 150 mm in (G and H). cytoskeletal elements. Therefore, we designed a trun-
cated form of abLIM, consisting only of the LIM domain
to perturb the function of the native protein and act as
dominant-negative, as has been demonstrated for other
LIM domain proteins (Kikuchi et al., 1997; O’Keefe et
Brn-3.2-Dependent Regulation of Axon Pathfinding
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Figure 5. Analysis and Characterization of Representational Difference Products
(A) Southern blot analysis of a sample of RDA products for initial assessment of differential expression in the mutant and wild-type mice.
After cloning of third difference products, the inserts were purified, labeled with 32P, and hybridized to Southern blots consisting of 250 ng of
either 1/1 and 2/2 driver. C #91 and C #70: clones with no matching sequences in the databases.
(B) Classification of genes according to their homolgy to sequences published in the databases. The degree of identity at the nucleotide level
is indicated. Five genes particularly relevant to axon pathfinding were tested for differential expression by Southern blot and/or in situ
hybridization analysis. ND, not done.
(C) Amino acid identities between human and mouse abLIM and UNC-115. LIM domains are indicated by brackets. C. elegans lim #1, 2, and
3 best align with abLIM lim #1, 3, and 4, respectively. Note the conservation in the linker regions between mouse and human proteins.
(D) Schematic diagram of Unc-115, human abLIM proteins and the bicistronic construct abLIMDN-IRES-EGFP encompassing the LIM domain
including all four LIM motifs of abLIM.
(E–H) In situ hybridization of wild-type E15.5 mouse midbrain (E), spinal cord (F), dorsal root ganglia (G), and thymus (H) sections with m-abLIM
cRNA. a, anterior; p, posterior; drg, dorsal root ganglia; th, thymus; h, heart. Scale bar: 500 mm.
al., 1998). To permit direct visualization of transfected and the difficulty of interpreting potential phenotypes
resulting from expressing a different LIM domain, weRGC axons, a bicistronic construct consiting of the LIM
domain upstream of an IRES-EGFP (diagramed in Figure limited our controls to transfection with RCAS(B)-EGFP.
In ovo electroporation of the RCAS-abLIMDN-IRES-EGFP5D) was designed and inserted into the RCAS(B) vector.
Due to size constraints precluding overexpression of the vector permitted unilateral transfection, limiting the
spread of viral particles to the transfected eye. Electro-full-length abLIM in the replication competent retrovirus,
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Figure 6. Differential Expression of Irx6, Olf-1, Olf-2, m-abLIM, and Neuritin In Vivo
Riboprobes transcribed from plasmids containing the RDA inserts were hybridized to sagittal sections of retina from wild-type and mutant
littermates at E15.5. Note more subtle decrease in the levels of Olf-2 mRNA in the Brn-3.22/2 retina (H), as compared to a dramatic loss of
message levels for the other candidates analyzed (F, G, I, and J). ICL, inner cell layer; pe, pigmented epithelium. Scale bar: 200 mm.
poration was performed at Hamburger-Hamilton stages tract or contralateral optic nerve, or both (Figure 8E),
much larger than those previously identified in normal10–12, and the transfected retinas were analyzed 9 days
later. The transfection domains were confined to the chicks with whole eye fills of axon tracers. Further, in
one case, a large fascicle of labeled RGC axons invadedright retina and covered approximately 5%–100% of its
area, including all retinal layers. the retina contralateral to the transfected eye (Figure 8F).
Thus, overexpression of abLIMDN-IRES-EGFP causes RGCRGC axons in retinas transfected with the control vec-
tor (RCAS-EGFP) appeared unaffected (Figure 8A) and axon guidance defects that are qualitatively similar to
those observed in Brn-3.22/2 mice and further supportsextended directly from the cell body to the centrally
located optic fissure, with neighboring axons taking the finding of abLIM as a functional target of Brn-3.2.
trajectories that parallel one another as in the normal
retina (Halfter et al., 1985; Nakamura and O’Leary, 1989).
However, the axons of RCAS-abLIMDN-IRES-EGFP trans-
fected RGCs often appeared to be more highly fascicu-
lated than normal and had aberrant trajectories charac-
terized by an exaggerated wave-like appearance (Figure
8B). This phenotype was observed in 10 of 26 E10 retinas
transfected with RCAS-abLIMDN-IRES-EGFP, compared
to only 1 of 16 E10 retinas transfected with the control
RCAS-EGFP. In the more extreme cases, the abLIMDN
transfected RGC axons made sharp turns, and even
reversed their direction of growth and extended toward
the periphery of the retina instead of the optic fissure
(Figure 8C); these behaviors were not observed in the
control transfected retinas.
RGCs transfected with RCAS-abLIMDN-IRES-EGFP
also displayed axon guidance defects at the optic chi-
asm. In chick, the vast majority of RGC axons project
to the contralateral tectum, with sparse, transient pro-
jections to the ipsilateral optic tract and the contralateral
optic nerve (McLoon and Lund, 1982; O’Leary et al.,
1983; Thanos and Bonhoeffer, 1984) that may persist
until E10. In our study, only 1 of 11 E10 chicks trans-
fected with the control RCAS-EGFP vector had a projec-
tion to the ipsilateral optic tract or the contralateral optic
nerve, although all had a large contingent of heavily
Figure 7. Temporal Pattern of Expression of Brn-3.2, Irx6, andlabeled RGC axons that crossed the optic chiasm and
m-abLIM in Wild-Type Mouse Embryos
entered the contralateral optic tract (Figure 8D). In con-
Adjacent sections of E12.5, E13.5, E15.5, and E17.5 mouse retinatrast, in 10 of 23 E10 chicks transfected with the RCAS-
were hybridized to Brn-3.2, Irx6, and m-abLIM riboprobes. Note the
abLIMDN-IRES-EGFP vector, we observed significant sequence of initial detectable expression of Irx6 and abLIM during
RGC pathfinding defects, including a substantial projec- development. ICL, inner cell layer; pe, pigmented epithelium. Scale
bar: 200 mm.tion from the transfected retina into the ipsilateral optic
Brn-3.2-Dependent Regulation of Axon Pathfinding
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Figure 8. RGC Axon Pathfinding Defects in the Chick Optic Pathway after Overexpression of abLIMDN
(A–C) Whole-mounted retina of E10 chick embryos transfected with RCAS-EGFP (A) or RCAS-abLIMDN-IRES-EGFP (B and C). Retinal ganglion
cells (RGC) and RGC axons labeled with EGFP are clearly visible and appear white. The optic fissure is not shown but is located to the lower
left of each panel.
(A) Axons from RGCs expressing EGFP pathfind directly to the optic fissure and have straight parallel trajectories. The transfected cell bodies
in this example are not shown but are located to the upper right of the panel.
(B and C) RGCs expressing abLIMDN-IRES-EGFP (arrow) extend axons which, in contrast to controls, have a wave-like trajectory and appear
to be more highly fasciculated. (C) In the most severe cases, several fascicles have very aberrant trajectories and make significant turns away
from the optic fissure (arrowhead).
(D and E) Views of whole mounts of the ventral diencephalon showing the optic chiasm in E10 chick embryos transfected in the right retina
with either RCAS-EGFP (D) or RCAS-abLIMDN-IRES-EGFP (E). Anterior is toward the bottom. In the control RCAS-EGFP transfected case, (D)
a large fascicle extends from the retina, through the ipsilateral optic nerve (ion), across the chiasm (ch), and into the contralateral optic tract
(cot). No axons are visible in the ipsilateral optic tract (iot, outlined) or the contralateral optic nerve (con, outlined). In the RCAS-abLIMDN-
IRES-EGFP transfected case, (E) RGC axons course through the ipsilateral optic nerve (ion), cross the chiasm (ch), and enter the contralateral
optic tract (cot). In addition, a substantial number of RGC axons aberrantly enter the ipsilateral optic tract (iot, arrow) as well as the contralateral
optic nerve (con, arrowhead). There are no labeled cells in the contralateral (left) eye (data not shown).
(F) Whole-mounted left retina of an E10 chick embryo transfected with RCAS-abLIMDN-IRES-EGFP in the right retina. No labeled cell bodies
are present in the left retina. RGC axons originating in the right retina, contralateral to the retina shown, extend a large fascicle across the
optic chiasm and aberrantly into the contralateral optic nerve. The fascicle enters the left eye at the optic fissure (arrow). The RGC axons
originating in the right retina extend for several millimeters within the left retina where they end in growth cones (data not shown).
Scale bar: 500 mm.
Discussion environmental cues required for proper axon pathfind-
ing. Using the chick visual system as a model, we have
provided data strongly supporting the view that one ofIn this manuscript, we provided evidence that the class
IV POU domain transcription factor Brn-3.2 has a critical these targets, the mouse homolog of the actin binding
zinc finger protein abLIM (m-abLIM) is part of therole in regulating RGC axon pathfinding and the estab-
lishment of topographic maps in the developing mouse Brn-3.2-dependent program regulating RGC axon path-
finding. Our study indicates that at least one aspect ofvisual system. To begin to unravel the Brn-3.2-depen-
dent regulatory program that underlies these events, Brn-3.2-dependent program may involve a signal trans-
duction cascade that links cell surface events to cyto-we initiated the identification of candidate target genes
using a modification of RDA, which resulted in the clon- skeletal changes.
ing of a series of genes connected to axon pathfinding
and likely to function at the levels of gene tanscription, Role of Brn-3.2 in Axon Guidance at Major
Decision Pointssignal transduction, and cell–cell interactions. The spatio-
temporal patterns of expression of these genes in the Brn-3.2 is essential for the survival of RGCs in mice,
and previous studies suggested that excessive RGCdeveloping retina, combined with the alteration of their
mRNA levels in Brn-3.22/2 mice, suggest that Brn-3.2 loss in the mutant does not result from problems in
cell fate determination or premature onset of naturallymay be responsible for the hierarchical control of mole-
cules mediating the response of the growth cone to occurring RGC death, but may be due to defects in axon
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growth and pathfinding (Erkman et al., 1996; Gan et al., tributing factor is a diminished competitive interaction
1996, 1999; Xiang, 1998). Our present study examining between RGC axons due to their substantially reduced
the developmental time course of changes in axon num- number (Simon et al., 1992, 1994).
ber in the optic nerve of wild-type and Brn-3.22/2 mice We also considered the possibility that genes ex-
has revealed that axons are added and removed from pressed in RGCs that have well-established roles in
the optic nerve at similar rates, but the absolute numbers axon guidance could represent targets for Brn-3.2. How-
of axons are lower in the mutant at all developmental ever, we found that in the mutant retina, expression of
stages including those that precede detectable apo- two members of the Eph family of receptor tyrosine
ptotic cell death (Xiang, 1998; Gan et al., 1999). This kinases, EphA6 and B2, as well as the Netrin-1 receptor
suggested that defects in RGC axon pathfinding within DCC, was normal. Axon pathfinding defects at the optic
the retina contributes to the hypoplastic optic nerve chiasm of Brn3.22/2 mice are intriguingly similar to the
phenotype in Brn-3.22/2 mice. DiI labeling in Brn-3.22/2 phenotype observed in GAP-432/2 mice (Sretavan and
mice revealed that RGC axons have abnormal trajecto- Kruger, 1998; Zhu and Julien, 1999). We found a modest
ries and many fail to reach the optic disc. Our data, decrease in the levels of GAP-43 mRNA in Brn-3.22/2
taken together with the abnormal fasciculation pattern retina (data not shown), which is unlikely to account for
of RGC axons within the retina (Gan et al., 1999), suggest all components of Brn-3.22/2 phenotype, since neither
that the reduction in axon numbers in Brn-3.22/2 mice the guidance of RGC axons within the retina nor their
is due to an inability of a certain percentage of axons topographic mapping in the SC are affected in GAP-43
to reach the optic nerve. gene-deleted mice. Taken together, these observations
Brn-3.2 is also essential for RGC axon pathfinding suggest that Brn-3.2 regulates the expression of critical
along the central visual pathways, including the midline gene targets not yet linked to pathfinding by RGC axons
of the ventral diencephalon at the optic chiasm, and in the vertebrate visual system.
within the optic tract near the border between dorsal The role of class IV POU domain transcription factors
diencephalon and midbrain. In Brn-3.22/2 mice, pathfind- appears to be well conserved during evolution. The C.
ing at the optic chiasm is severely compromised, with elegans ortholog unc-86 is also likely to regulate genes
an abnormally large proportion of RGC axons failing to controlling axon pathfinding in motor neurons (Sze et
properly decussate and instead growing into the ipsilat- al., 1997), and the single member of class IV POU domain
eral optic tract or the contralateral optic nerve. Within factors in Drosophila, Acj6, has recently been reported
the dorsal optic tract, a sizeable contingent of RGC to have a role in axon pathfinding of central neurons
axons stall and a substantially reduced number extend (Certel et al., 2000).
into the SC. Thus, the severe attrition of RGC axons is
a consequence of their pathfinding defects within the Brn-3.2 Regulates the Expression of Components
retina, the optic chiasm, and the dorsal optic tract. The of a Molecular Cascade Governing Axon Guidance
RGC axons that do reach the SC fail to establish dense Of the transcription factors currently proposed to func-
termination zones at the topographically correct sites tion in axon pathfinding in the mouse visual system,
and instead form diffuse, widely branched arbors that
Brn-3.2 appears to be unique, in that it may directly
sparsely cover much of the SC. Although the rodent
affect the ability of growth cones to respond to environ-
retinocollicular projection initially lacks appropriate
mental cues. In addition, many molecules known to play
topographic order, the diffuse arbors observed in the
important roles in RGC axon pathfinding and establish-Brn-3.2 mutant do not resemble those normally ob-
ment of topographic maps appear to be expressed nor-served at any developmental stage (Simon and O’Leary,
mally in Brn-3.22/2 mice. Identification of Brn-3.2 target1992).
genes, therefore, appeared to be a promising approachBrn-3.2 is likely to control RGC-autonomous compo-
for the characterization of additional molecules involvednents of axon guidance, since the morphology of neural
in RGC axon pathfinding by the growth cone and forstructures and expression domains of many regulatory
dissection of the molecular pathways controlled by Brn-molecules are normal along the pathway. The morphol-
3.2. Using a modification of RDA, we cloned severalogy of the optic stalk, as well as the expression of Net-
potential Brn-3.2 target genes. This method was pre-rin-1, which is known to direct axons to the optic nerve,
viously applied to the detection of differential gene ex-appeared normal. In the ventral diencephalon of E11.5
pression, but only from abundant sources of mRNA, andembryos, expression domains of Shh, Nk2.1, and Nkx2.2
with large differences between transcript levels to bedid not reveal any abnormalities in Brn-3.22/2 mice. Even
compared (for example, see Hubank and Schatz, 1994;in the SC, where Brn-3.2 is expressed, we did not ob-
Niwa et al., 1997; Morris et al., 1998). To overcome theserve major morphological defects in Brn-3.2 gene-
limitations due to the relatively small size of the embry-deleted mice, and in situ hybridization analysis revealed
onic mouse retina and its cellular heterogeneity, withnormal expression patterns for ephrin-A2, -A5, and -B2.
developing RGCs representing only a fraction of theThese data further support the view that axon pathfind-
total population, we introduced modifications to theing and topographic aberrancies observed in Brn-3.2
RDA approach. These included the addition of a syn-gene-deleted mice are unlikely to result from defects
thetic mRNA to the cDNA synthesis reaction and thein the SC where the coincident expression of Brn-3.0
adjustment of the ratios of driver to tester used in eachappears to compensate for the lack of Brn-3.2 function.
round of annealing prior to PCR amplification. Thus, theAlthough the formation of abnormally diffuse, poorly
method was amenable to studies of subtle differencesordered arbors in the SC of Brn-3.2 mutants may be
between small and heterogeneous cell populations indue to RGC’s inability to respond appropriately to topo-
graphic guidance molecules, it is also likely that a con- the nervous system and, importantly, permitted the clon-
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ing of several novel sequences, which, at the present served during evolution with respect to axon pathfinding
events and to modulate specific molecular pathwaystime, is not fully achievable using the microarray tech-
nology. controlled by Brn-3.2, serving, in some instances, as
intermediates in the regulation of genes encoding cyto-The candidate target genes presenting identity or sig-
nificant homology to previously characterized genes in- plasmic and cell surface molecules. The temporal pat-
tern of Brn-3.2 expression followed by Irx6 and Olf-2clude Irx6, Olf-1, Olf-2, and abLIM, which have been
shown to function in axon pathfinding in other species and finally m-abLIM in RGCs is very suggestive of such
a role for these transcription factors. We have obtainedand, therefore, are excellent candidates for mediating
specific aspects of the axon guidance program regu- preliminary indication for a role for Irx6 in NGF- and
cAMP-induced neurite extension, as transient transfec-lated by Brn-3.2. Irx6 is a member of the homeodomain
transcription factor family, with substantial homology to tion in the 26W sensory cell line of an expression vector
containing the homeodomain of Irx6 fused in frame tothe Drosophila iroquois complex, shown to determine
somatotopy in sensory neurons (Grillenzoni et al., 1998). the repressor domain of Drosophila engrailed gene re-
sulted in fewer neurite-bearing cells after induction. ThisIn C. elegans, unc-3 (Prasad et al., 1998), the homolog
of Olf-1 and Olf-2 HLH transcription factors of the EBF/ effect was comparable to that elicited by a fusion protein
between the engrailed repressor domain and the C-ter-Olf family, as well as unc-115, the homolog of the actin
binding LIM domain protein (m-abLIM) (Lundquist et al., minal portion of Brn-3.2 starting at the POU domain
(A. I. K. and L. E., unpublished data). Sequential activa-1998), are required for axon guidance. Finally the small
GPI-anchored cell surface protein, Neuritin, may also tion of transcription factors that may act either individu-
ally or in synergy on specific promoters is well docu-be involved in this pathway, based on its expression in
neural structures associated with plasticity and its ability mented. For example, in C. elegans touch receptors, the
LIM homeoprotein mec-3 is regulated by unc-86, andto promote neurite outgrowth in culture (Naeve et al.,
1997). The ontogeny of expression of these genes, as these two transcription factors act synergistically on the
mec-3 promoter (Xue et al., 1992), as well as on thewell as alteration of their mRNA levels in Brn-3.22/2 mice,
is consistent with either direct or indirect regulation of mec-4 and mec-7 promoters (Duggan et al., 1998).
In conclusion, our studies establish a unique role fortheir expression by Brn-3.2.
Brn-3.2 in RGC axon pathfinding in the mouse visual
system. Brn-3.2 appears to activate a complex develop-Role of m-abLIM in RGC Axon Pathfinding
mental program crucial for RGC axon guidance withinWe provided evidence for the role of m-abLIM in RGC
the retina and at major choice points along central visualaxon pathfinding using in ovo transfection of chick retina
pathways, as well as topographic order within the retino-with a recombinant retroviral vector expressing the LIM
collicular projection. Based on the roles of the targetsdomain and EGFP. The bicistronic construct in which
thus far established, the novel targets of Brn-3.2 thatIRES-EGFP was cloned downstream of the LIM domain
have been isolated should permit further dissection ofof m-abLIM (RCAS-LIMDN-IRES-EGFP) permitted un-
the molecular cascade controlling axon pathfinding inequivocal identification of the axons of transfected
the mouse visual system.RGCs. Interference with the endogenous ab-LIM in chick
retina by overexpression of the LIM domain of m-abLIM
Experimental Procedurescaused a variety of pathfinding errors. In the infected
retinas, RGC axons did not follow their normal trajectory
Mice
to the optic disc, and had abnormal fasciculation and Brn-3.22/2 mice were generated by homologous recombination (Erk-
growth patterns. At the optic chiasm, abnormal projec- man et al., 1996). All analyses were carried out using a mouse line
tions to the ipsilateral optic tract and the contralateral on a pure 129/Sv genetic background in order to avoid variations
in RGC numbers that can occur even between littermates on mixedoptic nerve were observed. These pathfinding abnor-
genetic background (due to strain related differences in the numbersmalities bear striking qualitative similarities to those ob-
of RGCs in the mouse; see Williams et al., 1996), and artifactual geneserved in the retina and at the optic chiasm of Brn3.22/2
cloning in RDA experiments, by amplifying genetic polymorphisms.
mice. Thus, despite limitations of a “dominant-negative”
strategy, the recapitulation of the Brn-3.22/2 phenotype Anterograde and Retrograde Axon Labeling
at two crucial sites of RGC axon guidance provides Anterograde and retrograde DiI labeling was done as previously
strong support for abLIM being involved in a Brn-3.2- described by Simon and O’Leary (1992). After a 24 hr labeling period,
the mice were perfused, and whole mounts of the optic chiasm,dependent program. The function of this putative com-
contralateral SC (anterograde labeling), and retina (retrograde label-ponent of the signal transduction cascade appears to
ing) were examined on a Bio-Rad 1000 confocal microscope.be conserved during evolution because its homolog in
C. elegans, unc-115, operates in a remarkably similar
Electron Microscopymanner in sensory neurons (Lundquist et al., 1998) since,
Electron microscopic counts of RGC axons in the optic nerve were
in both cases, axon pathfinding is affected at boundaries performed essentially as described by Kirby et al. (1988). Optic
where the growth cone changes environments. Taken nerves were fixed in 4% paraformaldehyde–2% glutaraldehyde in
0.1 M PBS, postfixed in 1% osmium tetraoxide in phosphate buffer,together, these observations suggest that m-abLIM is
and dehydrated in an ascending methanol series followed by abso-a crucial component of the Brn-3.2-dependent program
lute propylene oxide. The tissue was embedded in Epon, and theand has the potential to link the signaling events on the
cross-sectional area of the nerve face was measured on semi-thincell surface to cytoskeletal changes in the growth cone
sections stained with tolulidine blue. Thin sections were mounted
of RGC axons. onto copper grids (#200 or #300, Pelco), stained with uranyl acetate
The transcription factors identified in our screen (Irx6, followed by lead citrate, and viewed with a Zeiss HC-10 electron
microscope. A photo was taken of optic nerve visible in each gridOlf-1, and Olf-2) are also likely to have functions con-
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square, providing a systematic sampling (Williams et al., 1986; Kirby the generous gift of 26W sensory cell line. M. G. R. is an investigator
with HHMI; R. J. M. is a recipient of NARSAD young investigatoret al., 1988). The total axon population in each nerve was estimated
by extrapolating the axon density determined for the sample area award. This work was supported by grant #17-97-2-7016 NMTB to
M. A. K.; DAMD to M. G. R.; and NIH grants to D. H. R. (EY11875),to the area of the nerve cross section.
D. D. M. O. (EY07025), and M. G. R. (NS34934).
Representational Difference Analysis
Received August 22, 2000; revised October 24, 2000.The representational difference analysis (RDA) of cDNA described
by Hubank and Schatz (1994) was used in this study, with modifica-
Referencestions. mRNA was prepared using a direct method from a pool of 20
wild-type and Brn-3.22/2 retinas. The synthesis of cDNA was carried
Bashaw, G.J., and Goodman, C.S. (1999). Chimeric axon guidanceout in the presence of 150 ng of “carrier” mRNA, using Superscript
receptors: the cytoplasmic domains of slit and netrin receptorscDNA synthesis kit (GIBCO-BRL). The carrier mRNA was transcribed
specify attraction versus repulsion. Cell 97, 917–926.in vitro from a 500 bp fragment in the promoter region of Drosophila
Antennapedia gene, with an artificial poly(A) sequence fused to the Bertuzzi, S., Hindges, R., Mui, S.H., O’Leary, D.D.M., and Lemke, G.
39 end (J. R. B., unpublished data). This sequence lacks the recogni- (1999). The homeodomain protein vax1 is required for axon guidance
tion sites for the restriction enzymes used in the generation of ampli- and major tract formation in the developing forebrain. Genes Dev.
cons and cannot be amplified in subsequent PCRs. Therefore, it 13, 3092–3105.
does not contribute significantly to the drivers/testers. Amplicons Birgbauer, E., Cowan, C.A., Sretavan, D.W., and Henkemeyer, M.
used in this study were prepared from DpnII-digested cDNA corre- (2000). Kinase independent function of EphB receptors in retinal
sponding to 50 ng of carrier and an estimated amount of 15 ng of axon pathfinding to the optic disc from dorsal but not ventral retina.
retina-specific messages. The amount of “N-24” and “N-12” primers Development 127, 1231–1241.
used in the ligation prior to the amplification of drivers was reduced
Brown, A., Yates, P.A., Burrola, P., Ortun˜o, D., Vaidya, A., Jessell,
to 125 and 62.5 ng/ml, respectively, to adapt the proportion of cDNA/
T.M., Pfaff, S.L., O’Leary, D.D.M., and Lemke, G. (2000). Topographic
primer to the very low amounts of cDNA used in this study; other-
mapping from the retina to the midbrain is controlled by relative but
wise, hybridizations were analogous to that described by Hubank
not absolute levels of EphA receptor signaling. Cell 102, 77–88.
and Schatz (1994). Three rounds of subtraction were performed,
Certel, S.J., Clyne, P.J., Carlson, J.R., and Johnson, W.A. (2000).using an increasing excess of driver versus tester (1003, 8003, and
Regulation of central neuron synaptic targeting by the drosophila10003), determined, in trial experiments, to give the best stringency
POU protein, acj6. Development 127, 2395–2405.conditions without leading to the loss of low copy messages.
Cohen, D.R., Cheng, C.W., Cheng, S.H., and Hui, C.C. (2000). Expres-
sion of two novel mouse Iroquois homeobox genes during neurogen-In Situ Hybridization
esis. Mech. Dev. 91, 317–321.In situ hybridization on sections was performed as described in
(Simmons et al., 1990). Nonradioactive in situ hybridization was Dawid, I.B., Breen, J.J., and Toyama, R. (1998). LIM domains: multi-
carried out according to Wilkinson and Nieto (1993) with slight modi- ple roles as adapters and functional modifiers in protein interactions.
fications. Riboprobes used in this study are as follows: Brn-3.2 Trends Genet. 14, 156–162.
probe corresponds to 450 bp in the 39UTR region, immediately fol- Deiner, M.S., Kennedy, T.E., Fazeli, A., Serafini, T., Tessier-Lavigne,
lowing the stop codon. Irx6, Olf-1, Olf-2, Neuritin, and ab-LIM cRNA M., and Sretavan, D.W. (1997). Netrin-1 and DCC mediate axon
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inserts. The sequence of m-abLIM RDA product is deposited in nerve hypoplasia. Neuron 19, 575–589.
GenBank (accession number AF316037). The segments of sequence
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in the databases corresponding to the other inserts are as follows:
to the crossed and uncrossed optic projections in the mouse. Proc.
Irx6, accession number AF165986 nt 432–651; Olf-1, accession num-
R. Soc. Lond. B Biol. Sci. 224, 57–77.
ber L12147 nt 885–1179; Olf-2, accession number U92704 nt 889–
Duggan, A., Ma, C., and Chalfie, M. (1998). Regulation of touch1246; Neuritin, accession number U88958 nt 1248–2427. Ephrin-
receptor differentiation by the Caenorhabditis elegans mec-3 andA2 probe was generated by RT-PCR from P0 mouse retina and
unc-86 genes. Development 125, 4107–4119.corresponds to nucleotides 546–1095 of the published sequence
Erkman, L., McEvilly, R.J., Luo, L., Ryan, A.K., Hooshmand, F.,(accession number U14941). Shh probe corresponds to the full-
O’Connell, S.M., Keithley, E.M., Rapaport, D.H., Ryan, A.F., andlength mouse cDNA (a gift from A. McMahon).
Rosenfeld, M.G. (1996). Role of transcription factors Brn-3.1 and
Brn-3.2 in auditory and visual system development. Nature 381,Retroviral Expression
603–606.Eggs of the white leghorn strain were incubated at 388C for 40 hr
prior to in ovo electroporation. RCAS-EGFP or RCAS-abLIMDN-IRES- Erskine, L., Williams, S.E., Brose, K., Kidd, T., Rachel, R.A., Good-
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and five square pulses of 50 ms at 25V were applied by a T820 and Flanagan, J.G. (2000). Genetic analysis of ephrin-A2 and ephrin-
Electrosquare porator (BTX). At E10, the embryos were fixed with A5 shows their requirement in multiple aspects of retinocollicular
4% paraformaldehyde, dissected, and examined with a confocal mapping. Neuron 25, 563–574.
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